Benzene is a volatile organic compound known to be carcinogenic to humans (Group 1) and may be present in food. In the present study, 455 food samples from the Belgian market were analyzed for benzene contents and some possible sources of its occurrence in the foodstuffs were evaluated. Benzene was found above the level of detection in 58% of analyzed samples with the highest contents found in processed foods such as smoked and canned fish, and foods which contained these as ingredients (up to 76.21 lg kg À1 ). Unprocessed foods such as raw meat, fish, and eggs contained much lower concentrations of benzene. Using the benzene concentrations in food, a quantitative dietary exposure assessment of benzene intake was conducted on a national representative sample of the Belgian population over 15 years of age. The mean benzene intake for all foods was 0.020 lg kg bw d À1 according to a probabilistic analysis.
Introduction
Benzene is a volatile organic compound (VOC) known to be carcinogenic to humans and is classified as a Group 1 carcinogen (IARC, 1987) . Benzene is commonly used in the production process of other chemicals, detergents, paints, and plastics and may be found in the environment due to gasoline vapors, burning of fossil fuels, vehicle emissions, wood burning and cigarette smoke. In addition, the occurrence of benzene in food and beverages has also been reported (Mcneal et al., 1993; Heikes et al., 1995; FlemingJones and Smith, 2003; Lachenmeier et al., 2008; Nyman et al., 2008; Van Poucke et al., 2008) . Several factors either related to food processing conditions or to bad manufacturing practices are potential sources of benzene in foodstuffs (Becalski and Nyman, 2009) . Food processing conditions such as irradiation treatments and high temperatures processes (e.g. roasting) have been linked to benzene formation. Under such conditions, the decomposition of certain amino acids present in food (e.g. phenylalanine) (Kjallstrand and Petersson, 2001; Ahn, 2002; Zhu et al., 2004; Sommers et al., 2006) and the decarboxylation of benzoate (widely used food preservative) (Matthews and Sangster, 1965) may take place and yield benzene formation. Further research regarding benzene formation from the oxidative decarboxylation of benzoate in the absence of irradiation treatments, has been described in literature, regarding the presence of hydroxyl radicals in food (Gardner and Lawrence, 1993; Mcneal et al., 1993; Lachenmeier et al., 2008) . Accordingly, hydroxyl radical formation is promoted by the presence of ascorbic acid and transition metal ions (e.g. Cu 2+ or Fe 3+ ions). Other variables such as temperature and pH will also influence benzene formation from benzoate. Noteworthy is the fact that both, benzoates and ascorbic acid may be naturally present in foodstuffs or added as food additives. Benzene can also be introduced in food through migration from various packaging materials, or from contamination of the environment and water supply (Jickells et al., 1990; Varner et al., 1991; Bolzoni et al., 1996; Knox and Canter, 1996) . Contaminated carbon dioxide was also reported as a benzene source in beer and in water (Long, 1999; Wu et al., 2006) . The use of hexane in solvent extraction of vegetable oils may also contribute to benzene occurrence in food (Masohan et al., 2000) . Finally, flavors incorporated into foodstuffs through smoking (with wood or charcoal) or addition of liquid smoke are another source of benzene in foods (Wittkowski et al., 1990; Mcneal et al., 1993) .
Currently there are no legal limits worldwide for benzene in food products or beverages, thus the limit in drinking water is mostly used as a reference value. This reference is limited to À1 by the World Health Organization (WHO, 1996) (ATSDR, 2007) .
With respect to risk characterization, MOE (Margin Of Exposure) values ranging from 400 000-2 000 000 have been recently established for benzene dietary exposure based on a BMDL 10 of 17.6 mg kg bw d À1 derived from female rat Zymbal gland carcinoma Benford et al., 2010) . MOE values represent the ratio between a particular point on the dose-response curve leading to tumors in experimental animals and the human intake. Although MOE values higher than 10 000 are considered to be of low concern from a public health point of view (EFSA, 2005) , Smith et al. (2010) and Benford et al. (2010) highlight several uncertainties related to the calculation of the MOE values. These include the difficulty in obtaining relevant exposure data, limited toxicity data for oral exposure, the relevance of animal data for human and the importance of consistency and robustness of animal tumor data across species.
The objective of this study was to determine the occurrence of benzene in foods of the Belgian market and identify potential sources of this contaminant in foodstuffs. Furthermore a quantitative exposure assessment of dietary benzene intake was performed for the Belgian population over 15 years of age and compared to the MRL established for oral chronic exposure.
Experimental

Supplies and reagents
Benzene (99.9%) and benzene-d 6 with isotopic purity of 99.9% (Supelco) were both supplied by Sigma-Aldrich (Bornem, Belgium) and stored at 4°C. Sodium hydroxide was obtained from BDH (Poole, England) and boric acid was supplied by Merck (Darmstadt, Germany). Antifoam silicone 411 Rhodorsil Ò was purchased from VWR (Leuven, Belgium). Deionised water (Milli-Q, Millipore Corp.) of 18.0 MX cm À1 resistivity was used throughout.
Sampling plan for benzene analysis in food
The sampling plan included four groups based on potential sources for benzene occurrence. Group 1 -foods with added benzoate, based on the regulation Directive 95/2/EC (EC, 1995) and a label survey performed in this study (E210-E213). These foodstuffs include, non-alcoholic drinks, alcoholic drinks (<15% alcohol), sauces (<60% fat), spreadable salads, olives, semi-preserved fish and fish products, dips and tapenades, chilled meals and salads. Group 2 -foods which may naturally contain benzoic acid, based on Vandevijvere et al. (2009) . This group includes smoothies and fruit juices, dairy drinks and deserts enriched with fruit, fresh fruit, honey and fermented dairy products. Group 3 -foods which may contain benzene due to environmental/process contamination which include milk and dairy products, eggs, vegetables, non-refined oils, meat (raw, processed and patés) and fish (raw and processed). Group 4 -other foods, which include carbonated drinks, canned products (vegetables, meat, fish and ready to eat meals), frozen products (containing vegetables, meat and fish), breakfast cereals, cereal products, coffee and tea, chocolate, cakes and cookies, dairy desserts (different from the ones analyzed in Group 2), refined oils and margarines and foods where the addition of benzoate is allowed but did not contain according to the label.
A minimum of 10 samples were considered per food type mentioned in the four groups and a total of 455 food samples were analyzed for benzene contents. Food products were purchased from four different supermarket chains with good market share in Belgium and belonging to different brands which included A, white and private labels.
Determination of benzene contents in foodstuffs
Foodstuffs were purchased and analyzed from March to October 2010. Samples were stored under the same conditions as those found in retail and analyzed prior to expiration date. Precautionary measures were taken to avoid sample contamination in the lab, such as storage and sample preparation in a segregated area from lab used for standards preparation and sample analysis. Solid and/ or fat containing samples were homogenized, followed by the addition of antifoam agent, borate buffer (0.8 M, pH 10) and internal standard benzene-d 6 spike (concentration in the sample 1 lg kg
À1
). The use of borate buffer prevented artefactual benzene formation in foodstuffs possibly containing benzoate. Samples were distilled and 5 mL of distillate transferred to a headspace vial. Liquid non-containing fat samples were gently homogenized by shaking for 30 s and carbonaceous drinks were further degassed by sonicating 15 mL of the soft drink for 1.5 min until all carbon dioxide bubbles had disappeared. Of each of these samples, 4 mL was transferred to a headspace vial, and 1 mL of borate buffer (0.8 M) and the internal standard benzene-d 6 (1.0 lg kg À1 ) were added. All samples were analyzed by headspace-gas chromatography/mass spectrometry (HS-GC/MS). Chromatographic conditions and method are described in Medeiros Vinci et al. (2010) . For quality control purposes each batch of distillations analysis (performed on the same day) was accompanied by a water blank sample, and a food blank sample (chocolate ice-cream) spiked with benzene and 
Consumption data
Food consumption data were obtained from the Belgian National Food Consumption Survey (BNFCS) of 2004. This survey is a national representative sample of food consumption of 3083 participants residing in Belgium of 15 years or older. Aims, design and methods of the BNFCS are described by De Vriese et al. (2005) . Information on dietary intake was collected based on two non-consecutive 24 h recalls in combination with a self-administered food-frequency questionnaire. This approach allows information on intra-individual variation and therefore suitable for determining distributions of usual dietary intakes. Consumption data of foodstuffs analyzed for benzene contents (described in Section 2.2), were extracted from the BNFCS based on food name and facet strings which further refined the food product search. In general, all analyzed foodstuffs were reported in the BNFCS with an exception of ready to eat meals (e.g. chilled meals). These were not reported as commercial products but as homemade. Consumption data for this food category were obtained by calculating the sum of consumption of the relative percentage of all ingredients listed on the food product label.
The usual food intake was determined from the total data set including also the 'zero intakes' (when a certain food type is not consumed by an interviewed individual) with the Multiple Source Method program (German Institute of Human Nutrition PostdamRehbrücke (DIfE), 2010). This method is characterized by a two-part shrinkage technique applied to residuals of two regression models (one for the positive daily intake and one for the event of consumption) and therefore accounting for the intra-individual variability.
Food intake was expressed as kg bw d À1 using self-reported body weight data.
Exposure assessment
Benzene dietary exposure included the analysis of three different scenarios (lower, medium and upper bound) related to data treatment of benzene non-detects (<LOD). Accordingly, non-detects data was considered zero, ½ LOD and LOD for the lower, medium and upper bounds, respectively. For exposure assessment, foods were grouped in fourteen categories: non-alcoholic drinks, alcoholic drinks, sauces, dairy products, fruits and vegetables, meat and meat products, fish and fish products, cereal products, cookies and cakes, fats and oils, ready to eat meals, sugar and confectionary, miscellaneous and eggs.
Probabilistic analysis
Best fit distributions were applied to the lower bound scenario of benzene contents in the different food categories and to the consumption data. The type of distribution selected as best fitted for the lower bound was applied upon the other two scenarios of benzene concentrations (medium and upper bound). First order Monte Carlo simulations were performed considering 50 000 iterations. Estimated benzene intake (mean, standard deviation and percentiles) was determined per food category separately and total benzene intake was calculated by considering all data for the food categories. Therefore the sum of the means of the subcategories intake is not necessarily equal to the mean intake of the overall category. Calculations were performed using the software package @Risk Ò for Microsoft Excel version 5.5 (Palisade Corporation, US).
Results and discussion
Occurrence of benzene in foods from the Belgian market
A risk based sampling plan was elaborated based on the possible sources of benzene in foods, and therefore considered four groups: (1) foods with added benzoate; (2) foods which may naturally contain benzoic acid; (3) foods possibly related to benzene through environment/process contamination and (4) other foods. A total of 455 samples from the Belgian market were analyzed and benzene was detected above the LOD in 58% of analyzed samples. Table 1 shows the percentage of benzene occurrence at different benzene levels in the four food groups. Groups 1 (foods with added benzoate), 4 (other foods) and 3 (possible environmental/ process contamination) were the groups with highest number of samples contaminated with benzene, 68%, 50% and 55%, respectively. While in Group 2 (foods which may naturally contain benzoic acid), only 19% of the samples were positive for benzene. Of the total analyzed samples, 31% of them contained benzene levels above the EU limit for benzene in drinking water (1 lg kg À1 ) (EC, 1998) and 6% were above 10 lg kg À1 , the WHO-limit for drinking water (WHO, 1996) . Benzene occurrence was also reported in a wide range of foodstuffs by the United Sates Food and Drug Administration (FDA) during a five year study (Fleming-Jones and Smith, 2003) . In fact, all analyzed foods contained benzene with an exception of American cheese and vanilla ice-cream. Higher benzene concentrations (1-190 lg kg À1 ) were reported by Fleming-Jones and Smith (2003) relatively to the present study, however the FDA alerted to the fact that artefactual benzene could have been formed during analysis.
Although benzene formation from benzoate is described in literature (Gardner and Lawrence, 1993; Mcneal et al., 1993) , benzene concentrations found in the four different food groups indicate that this is not the most probable cause for the levels found in the analyzed samples. Moreover, Group 1 includes some processed and fat containing foods, and therefore the possibility of environmental/process or other contamination routes in this group cannot be excluded. Consequently, food groups were reorganized into fourteen categories according to the food categorization adopted by the BNFCS database (De Vriese et al., 2005) , and are presented in Table 2 together with the benzene contents determined in the foodstuffs.
Benzene was present in all food categories with exception of fresh eggs. Other categories such as alcoholic drinks and fruits and vegetables presented <10% of benzene occurrence. Eight food categories (sauces, meat and meat products, fish and fish products, cereal products, cakes and cookies, fats and oils, ready to eat meals and miscellaneous) out of the fourteen categories contained benzene (PLOD) with a percentage of occurrence ranging from 66% to 96%. The highest benzene concentrations were observed in fish and fish products and correspond to smoked and canned fish products. Benzene contents ranged from 1.83 to 76.21 lg kg À1 for the smoked fish and up to 20.81 lg kg À1 for the canned fish products. On the other hand, the mean concentrations of benzene found in raw fish were 0.52 ± 0.85 lg kg À1 and 3.15 ± 4.21 lg kg À1 for non-fatty and fatty fish, respectively. This indicates that the smoking process and thermal treatment in enclosed systems (cans) are the main contributors for the presence of benzene in this food category and overall responsible for some of the highest concentrations found in the benzene data of this study.
Benzene concentrations up to 25.46 lg kg -1 were found in the food category of ready to eat meals. The highest benzene values were found in spreadable salads with 92% of benzene occurrence in this food subcategory. Benzoate is generally used as food additive in these foods, and was present in 89% of samples analyzed from this food category (according to label description). However, there are indications that in such complex foods, benzene is not predominantly originating from benzoate. Factors such as fat content, and presence of antioxidants might hinder the formation of benzene from benzoate (Medeiros Vinci et al., 2011) . High benzene values correspond to spreadable salads containing smoked salmon ) as main ingredients. Although an environmental contamination might not be excluded, the process contamination is the most likely contamination route here.
Another example that could indicate that food processing is a possible route of benzene contamination is found in the category of meat and meat products. The highest benzene levels (up to 6.95 lg kg À1 ) were observed in smoked and preserved meats (dried, cured and fermented), while only one out of four samples of raw meat contained benzene (1.25 lg kg
À1
). In the food category of cereal products, 18 samples of breakfast cereals were analyzed and all samples contained benzene with contamination levels ranging from 1.23 to 7.15 lg kg À1 . Possible causes for the high incidence of benzene in these products could be due to the production process (thermal treatment-extrusion), addition of aromas or packaging. Additional breakfast cereal (extruded) samples were taken from an industrial production line, before packaging and analyzed for benzene contents. Of four analyzed samples, one sample contained benzene (0.83 lg kg
). Although the number of samples taken from the production line is very limited and representative of only one production site, these results could be an indication that benzene contamination could occur after packaging. To identify the exact origin of benzene contamination during food processing an in-depth analysis of each processing is required. The importance of several other contamination routes such as packaging, origin of the food, ingredients, or cross contamination from the environment, requires further investigation as demonstrated by the examples shown in this study.
In addition to the food samples presented in Table 2 , benzene was also determined in aromas which are used in food processing such as, vanilla, nuts, chocolate, pistachio, orange flower, cola and mint. Benzene was found >LOD in five out of seven analyzed samples with concentrations ranging from 11.41 lg kg À1 to 449 4.77 lg kg À1 in the positive samples. These aromas included both natural and synthetic products and no link could be established between benzene occurrence and product origin. Since aroma production is based on a concentration process, this could be the explanation for the high levels of benzene in these samples. Benzene results of aromas analysis were not included in Table 2 and neither considered for the exposure assessment since intake data for aromas are unavailable. Nevertheless, the presence of aromas in certain foods could be an important source of benzene concentrations in food.
The discovery of benzene formation from benzoate prompted special attention towards non-alcoholic drinks, in particular beverages (Fabietti et al., 2001; Cao et al., 2007 added benzoate as a preservative. Consequently, several manufactures have reevaluated their formulation in order to minimize benzene formation (Mcneal et al., 1993; ICBA, 2006; Nyman et al., 2008) . In the present study, 52 samples of non-alcoholic drinks were analyzed of which 22 samples (all different products) contained added benzoate (according to product label). Benzene was detected in $60% of the benzoate containing samples with the highest values occurring in concentrate juices (up to 11.52 lg kg
). A possible explanation could be due to high temperatures used during the production process and/or the concentration process itself. However, results here reported regard to diluted product according to label instructions. Van Poucke et al. (2008) monitored benzene contents in 134 soft drinks of the Belgian market. Based on statistical analysis, these authors reported that besides benzoic acid, ascorbic acid, acidity regulators and packaging may also influence greatly benzene formation in beverages.
Exposure assessment
Foodstuffs considered in the sampling plan of this study represent approximately 91% of consumed foods reported in the BNFCS database. The remaining 9% include vegetables -6% (onions, sweet potatoes, cabbages and mushrooms), meat -0.6% (duck, rabbit, goat, horse, offals, etc.), sauces -0.5% (ketchup and ice-cream toppings), alcoholic drinks -1.4% (cocktails, fortified wines and liquors) and miscellaneous -0.6% (artificial sweeteners, animal fats, dietetics, spices, etc.). The sampling plan applied in this study was broad enough to cover the most consumed foodstuffs by the Belgian population. Furthermore, since the minimum number of samples (386) required for the exposure assessment of a contaminant in food (considering a 50% of prevalence, with a 95% confidence level) (EFSA, 2006) was attained, it might be concluded that the study was statistically valid.
Probabilistic analysis
In probabilistic analysis every possible value that each variable can have and the weight of each possible scenario for the probability of its occurrence is taken in consideration (Vose, 1996) , therefore allowing a more accurate benzene intake estimation. In this regard, both food consumption and benzene content data were fitted to best fit distributions according to the @Risk software for the inserted data (Table 3) . During the distribution fitting, the observed cumulative distributions were plotted against the theoretical cumulative distributions. The probability-probability (P-P) plots provided roughly a straight line joining the diagonals if the observed cumulative distribution could well be defined by the theoretical cumulative distributions. The more the data were available, the more theoretical cumulative distribution approximated the observed cumulative distribution. The distribution fitting was possible when there were at least five data values, among which three data values had to be positive. During fitting of the distributions to benzene data, deviations from normal distribution line were observed. This deviation may be explained by presence of the data below the LOD which counted 42%. In case where fitting distribution was not possible, due to insufficient numbers of observed data for benzene, the mean value was used instead. This was applied for example in the categories of alcoholic drinks and fruits and vegetables which contained only one and two positive contamination data, respectively (Table 2) . Table 4 presents probabilistic estimates of benzene intake (lg kg bw d
À1
) for the upper bound (worst case scenario), while there was no significant difference (p < 0.05) between the lower, medium and upper bounds. This can be explained by the low LOD from the analytical method used and due to the percentage of non-detects not being very high. Total estimated benzene mean and P 99.5 intakes were 0.020 and 0.122 lg kg bw d that benzene concentrations found in analyzed foods pose a low risk to the Belgian population.
Uncertainty evaluation of the exposure assessment
Inherently associated to exposure assessments are uncertainties that need to be considered for the interpretation of the results here presented. Factors intrinsic to food consumption surveys such as under/over reporting of consumption data, misreporting of consumed foods in wrong food groups and the erroneous estimation of consumed quantities (based on figures or portion sizes) could contributed to an under/overestimation of food consumption and affect the exposure assessment. Moreover, consumption data used in this study were surveyed in 2004 and surely eating habits may have changed over time, and probably towards higher consumption of ready to eat meals and spreadable salads. This could contribute for an underestimation of benzene intake in the present study.
Several organizations have performed benzene dietary estimations, and these are summarized in Becalski and Nyman (2009) . Overall the exposure assessments vary between the different studies (ranging from 0.003 to 5 lg kg bw d
À1
). Such discrepancies could be explained due to different methodologies used to estimate dietary intakes, differences in food consumptions surveys data and benzene quantification.
Conclusions
It has been reported that inhalation of contaminated air was the major route of non-occupational benzene exposure for nonsmokers (3.3 lg kg bw d À1 ), while mainstream cigarette smoke was the primary route for smokers (33.3 lg kg bw d
À1
) (Becalski and Nyman, 2009) . Recently Ragas et al. (2011) published a cumulative risk assessment of exposure in urban environments for benzene, among other chemicals. Based on their assumptions 48% of the adult urban population might be exposed to benzene by inhalation at a concentration above the EU limit (5 lg m
À3
). The calculated hazard index (HI) for benzene is higher than 1 and HI values >1 indicate that the acceptable level for urban citizens has been exceeded. Knowing that Belgium is the third most densely populated country of the EU (Eurostat, 2011), it can be assumed that there is little or no margin for additional exposure to benzene via food in Belgium. On the other hand, the quantitative estimation of dietary exposure to benzene performed in the present study showed that benzene exposure via food is minor in comparison with exposure via inhalation. Nonetheless, considering that ingested benzene is approximately 100% absorbed by the human body versus 50% by inhalation benzene and that benzene being a genotoxic carcinogen (one single molecule may trigger cancer formation), food categories with higher risk of benzene occurrence should be monitored and the main sources of benzene in these foods at most risk further investigated. As seen in the results, the highest benzene concentrations occurring in food were found in processed foodstuffs of animal origin, such as smoked fish and meat, or sterilized in closed recipients. High levels of benzene present in aromas could indicate that these could be an additional source of benzene in certain foods. So far, attention on benzene in foods has mainly focused on the addition of benzoic and ascorbic acids in foodstuffs. Thus, other processing conditions possibly leading to benzene occurrence in food should be reviewed, e.g. benzene limits in smoking processes and aromas, source of benzene in breakfast cereals, etc.
With respect to the MOE values for oral intake of benzene, the application of the mean and P 99.5 dietary benzene estimations determined in this study and considering a BMDL 10 of 17.6 mg kg bw d À1 derived from female rat Zymbal gland carcinoma (Benford et al., 2010) , the re-calculated MOE values would range from 144 262 to 880 000. Although the magnitude of these MOE values are reduced to at least half compared to the ones initially reported by Smith et al. (2010) and Benford et al. (2010) , these still remain considerably higher than 10 000, and therefore considered to be of low concern from a public health point of view when compared to other chemical hazards in food (EFSA, 2005) . 
